The Swedish health registries were used to investigate a possible effect on the incidence of neural tube defects (NTDs) of maternal smoking and maternal body mass index (BMI) (kg/m 2 ). Among 1,199,701 infants born in 1983-1993 with known smoking exposure in early pregnancy, 621 infants with NTDs were selected. After controlling for year of birth, maternal age, parity, education level, BMI, and immigrant status (yes/no), a highly significant, protective effect of maternal smoking on the incidence of NTDs was found. The adjusted odds ratios (OR) and (95% confidence intervals (Cl)) for maternal smoking among infants with NTDs (total), anencephaly, and spina bifida were 0.75 (0.61-0.91), 0.49 (0.28-0.85), and 0.76 (0.61-0.95), respectively. A protective dose-response effect of smoking was indicated but was not statistically significant. The association between NTDs and maternal BMI found in earlier studies was supported. Women with BMI >26.0 were found to be at higher risk of having an infant with NTD compared with women in other BMI classes (adjusted OR = 1.35, 95% Cl 1.00-1.83). For women with BMI >29, the corresponding odds ratio was 1.29 (0.81-2.05). No obvious explanation was found, either for the detected association between NTDs and BMI, or for the protective effect of maternal smoking. Am J Epidemiol 1998; 147:1103-11.
Etiologic factors in neural tube defects (NTDs) have been studied extensively during the past decades, and a great number of studies evaluating exposures and risk factors for NTDs have been published (1, 2) . Decreasing trends over time, seasonal variation, increased risk among lower social classes, and different risk rates among different ethnic groups, regardless of migration, suggest a genetic etiology of NTDs in combination with non-genetic effects, e.g., from diet. Lately, a large protective effect of folic acid supplementation on the recurrence of NTDs has been demonstrated (3) .
If nutrient intake influences the prevalence of NTDs, the risk rates for NTDs among women who are over-or underweight could be of particular interest. Several studies (4-7) have reported a positive association between NTDs and obesity, but Haddow and Palomaki (8) found no difference between mean weights in case and control mothers.
The overall relation between malformations and maternal smoking during pregnancy is uncertain. How-ever, a positive association with maternal smoking has been found by some investigators for such specific malformations as oral clefts (9) (10) (11) (12) (13) , limb reduction defects (14) (15) (16) , and kidney malformations (17, 18) . Table 1 shows the results of previously published studies on maternal smoking and NTDs. The largest study to date (28) was negative, a finding that agreed with several studies (21, 22, 24, 25, 27) , but was not consistent with the findings of earlier studies (9, 19, 20) .
In order to thoroughly study the relation between NTDs and maternal smoking, body dimensions, and the interaction between those putative risk factors, we used data from the Swedish medical registries to obtain a large data set with prospectively collected smoking information.
MATERIALS AND METHODS
Infants with NTDs, born in 1983-1993, were identified from two registries: the Swedish Registry of Congenital Malformations and the National Board of Health Medical Birth Registry. These registries have been described in detail elsewhere (29) (30) (31) . The Medical Birth Registry contains medical information on nearly all deliveries in Sweden (coverage about 99 percent). All diagnoses are given as International Classification of Diseases (ICD) codes. Nearly all (19) All NTDs (n = 82) (Hydrocephalus included) Ericson et al. (1979) (9) All NTDs (n = 57) Evans etal. (1979) (20) Anencephaly (n = 132) (24) Anencephaly (n = 67) Other CNS (n = 489) Van Den Eeden (1990) (25) Anencephaly (n = 34) Spina bifida (n = 58) Seidman etal. (1990) (26) Spina bifida (n= 13) Other CNS (n = 42) Wasserman et al. (1996) (27) Anencephaly (n = 123) Spina bifida (n = 114) The Registry of Congenital Malformations covers the whole country and all diagnoses (after consultation of relevant documents, e.g., copies of x-ray or postmortem reports) are given in a special five-digit code (more detailed than the standard ICD code). Each case is identified with the personal identification number of the mother and the date of birth of the infant. This makes it possible to link this registry with the Medical Birth Registry so that, for example, information on maternal weight, height, and smoking habits can be obtained.
In order to collect information on maternal education level, the Medical Birth Registry was linked with the Registry of Education kept by Statistics Sweden. The latter registry contains information on the education level (9 years of compulsory school included) of each woman, and the education level on January 1, 1996 was linked from it. Thus, the education level used in this study to estimate socioeconomic status does not necessarily refer to the actual education length of each women at the time she gave birth. This also makes it possible to estimate socioeconomic status for young women.
The cases of NTDs were divided into three groups: anencephaly, spina bifida, and encephalocele. All infants with a known chromosome abnormality (n -20) were excluded from the study. The reference group contains all live-and stillbirths.
Several published studies (1) have demonstrated an association between maternal age, parity, education level, ethnic group, and NTDs. Because the smoking rates are influenced by all of these covariates (34), they have been considered as potential confounders and have been controlled for. Decreasing smoking rates (34), increasing rates of prenatal diagnosis and selective terminations during the study period, and different length of follow-up time after delivery to reach final education level in all case and control mothers made it also necessary to consider year of birth as a confounder. Because linear models seemed inappropriate, no logistic multiple regression analysis was carried out. Although the size of the reference group was very large, no cell information was lost even after controlling for a wide range of possible confounders, which made it possible to use the Mantel-Haenszel technique (32) for calculating all odds ratios in this report. Ninety-five percent confidence intervals were estimated using Miettinen's method (33). When comparing two stratified odds ratios, two-tailed z-tests were carried out, using the same variance as used to estimate the 95 percent confidence interval. Tests of homogeneity of the odds ratios across strata were based on weighted sums of the squared deviations of the stratum-specific log-odds ratios from their weighted means.
Stratification for maternal age was made in 5-year classes. Other stratifications are described in the Results section.
RESULTS
The social gradient in the smoking habits of the Swedish pregnant women was described earlier.
Young women smoke more than do older women, and, within each age group, smoking habits tend to increase with parity (34). Women of low education level smoke more than well-educated women; proportions of smokers in early pregnancy were 45, 28, 14, and 9 percent among women with £9 years, 10-12 years, 13-14 years, and sl5 years of education, respectively. The proportions of smokers in early pregnancy among Swedish and immigrant women were 26.8 percent and 24.5 percent, respectively.
In figure 1 , graph a shows the relation between education level and BMI. The negative association between overweight and increasing education level is evident. Women with £9 years of education were at a higher risk to be overweight, but also a small, statistically significant, risk increase for underweight is evident among these women. Graph b shows that smokers are more likely than nonsmokers to be either underweight (both light and heavy smokers) or overweight (heavy smokers). In graph c, a striking association between increasing parity and BMI is shown.
Obesity is about 20 percent more common among immigrant women than among Swedish women (the percent of Swedish and immigrant women with BMI >26 were 12.9 and 15.3, respectively).
The relation between maternal BMI and NTDs is displayed in table 2. An increasing risk for NTDs, especially for spina bifida, with increasing BMI is indicated. The odds ratio for spina bifida among women with BMI <19.8 is significantly below unity, whereas the corresponding odds ratios for women with BMI 26.1-29 or >29 are nonsignificantly over 1.0. If, instead, BMI >26 was evaluated as a risk factor for spina bifida, a significant association was found. In tively, for having a NTD-affected pregnancy for women with BMI >26, stratified by maternal characteristics, is shown. The table does not reveal any significant heterogeneity over strata. The estimated obesity-associated risk for NTDs was somewhat higher among primiparas compared with women of other parities, higher among women with low education level than among more well-educated women, and somewhat higher among women who smoked than among women who did not smoke. However, neither of these mentioned differences reached significance (p values for homogeneity across parity strata, education strata, and smoking strata, 0.68, 0.65, and 0.45, respectively). Table 4 shows, by maternal smoking habits, obesity-related risk estimates for NTDs among women in the two heaviest BMI classes separately. The risk increase for women with BMIs 26-29 was somewhat higher among smokers than the corresponding risk increase among nonsmokers, whereas for women with BMI >29, the effect of obesity on the contrary seems to be smaller among women who smoked than among women who did not smoke. However, the number of cases is small, and the difference between the effect of BMI in smokers compared with nonsmokers is not significant (p for homogeneity of odds ratios for BMIs of 26.1-29 and >29 across smoking strata were 0.20 and 0.68, respectively). A decreased risk of NTD-affected pregnancies for underweight women compared with women in other weight classes was seen among both smokers (odds • Stratification was done by year of birth, maternal age, parity, education level (classes 0-4), and immigrant status (yes/no). For education level, the "0" class comprised cases and references with unknown education level.
ratio (OR) = 0.5, 95 percent confidence interval (Cl) 0.3-1.0) and nonsmokers (OR = 0.9, 95 percent Cl 0.6-1.2). Table 5 shows that for both anencephaly and spina bifida, the odds ratios for maternal smoking is well below unity (p = 0.012 and/? = 0.015), respectively. No significant dose-response effect is evident. The negative association between NTDs and maternal smoking shows homogeneity over strata (table 6) (p values for homogeneity across all strata = 0.29). Decreased (but not always significant) odds ratios for NTDs among smokers can be seen across education groups (all), BMI classes (except BMI 26.1-29), age groups (except age groups 20-24 years and 40-44 years), parity groups (except parity 3), and among both Swedish and immigrant women (p values for homogeneity across age strata, parity strata, and BMI strata, 0.04, 0.17, and 0.55, respectively). The odds ratio of 1.1 among women 20-24 years differs somewhat from the estimates among the other age groups, but as no trend is present, the indicated effect modulation of maternal age on the effect of maternal smoking on the incidence of NTDs may well be a random finding.
In order to study whether smoking habits during pregnancy are influenced by the outcome of previous pregnancies, an analysis of the smoking habits among all women of parity >2 who gave birth in 1983-1993 was performed (data are shown in table 7). Mothers who smoked during pregnancy and whose infants died before one month of age were more likely than mothers of surviving infants to quit smoking before the next pregnancy (OR = 1.34, 95 percent CI 1.19-1.52) when stratification was done by parity 2 to 4, year of birth education level, and maternal age, referring to the most recent baby born.
DISCUSSION
The present study confirms the previously found association between maternal BMI and spina bifida, although the magnitude of the association (OR = 1.29) was less than the twofold risk increase reported earlier (4-7). The differences in the size of the associations could be due to the open class; few Swedish women (5 percent) have a BMI >29, and very few exceed BMI 29 by much. In the present study, a significant association between high BMI and spina bifida was only found if the two heaviest BMI classes were combined. It is possible that the self-reported (in the former part of the study period) prepregnancy weight is of poor quality, and that this may have biased the result toward unity, but there is no reason to believe that the accuracy should differ between case and control mothers. The finding of the interactions between weight, education level, parity, and maternal smoking shows the importance not only of controlling for these possible confounders, but also of investigating whether the effect of maternal BMI varies over strata (indicating that the results may be due to confounding). Watkins et al. (5) found a stronger association between BMI >29 and NTDs in smokers compared with nonsmokers, a finding that could not be confirmed in the present study, in which no sign of heterogeneity over strata was discovered.
The interpretation of these findings is not easy. Obese women may be more likely to be nutritionally deficient because of weight loss attempts or a poor choice of foods compared with women of normal weight. However, if the association between NTDs and obesity reflects poor nutrition due to poor dietary habits among overweight women, why do underweight women have a significantly lower risk of having an infant with spina bifida? In the present study, no information of periconceptional folic acid and vitamin use was available, but neither Werler et al. (7) nor Shaw et al. (6) found evidence that the folate intake of overweight women substantially differed from women of normal weight. Could the increased risk for spina bifida among obese women be a result of a metabolic abnormality associated with obesity, or is the demonstrated association a result of another unknown confounder? Further research is needed to understand the mechanism behind the association between obesity and NTDs.
The highly significant negative association between maternal smoking and NTDs {p = 0.0034) was unexpected. However, many of the results of earlier socalled negative studies also showed odds ratios below unity, although not significantly so (table 1) . Despite the fact that the published studies were carried out on different populations and substantially differed in design, the results (with the exception of one or two small studies) were not inconsistent with the results of the present study in which, within most strata (possibly except for age stratum 20-24 years), the odds ratio for NTDs among smokers compared with nonsmokers was below unity. With this homogeneity over strata, it is not easy to see how the result could be due to undetected confounding.
As mentioned in the introduction, some studies have found positive associations (also when data sets obtained by the Swedish health registries have been used) between maternal smoking and certain specific malformations. However, for one type of birth defect, Down's syndrome, a "protective" effect of maternal smoking has been reported by some studies (36) (37) (38) (39) (40) , but not all studies (41, 42) . It has been speculated whether the negative association between Down's syndrome and maternal smoking found in some published articles reflects a decreased production or survival of &21 gametes, prevention of fertilization of trisomic gametes, an increased intrauterine loss of Down's syndrome fetuses, confounding, or is due to statistical fluctuation. In the Swedish study (42) , heterogeneity over strata was discovered, and the negative association which was found in primiparas (especially those over age 30 years), but not in multiparas, between maternal smoking and Down's syndrome was interpreted to depend on covarying factors.
There are several factors to consider similar to those in studies of smoking and Down's syndrome when studying putative associations between smoking and NTDs (e.g., early losses of affected fetuses, possible different reproductive histories in case mothers compared with control mothers, and possible confounding due to routinely offered prenatal diagnoses).
Since the early 1980s, the rate of ultrasound examinations in early pregnancy has steadily increased, and in the early 1990s, almost all women were offered free ultrasound scanning during week 16-18 of pregnancy in order to estimate expected date of parturition, to check for twin pregnancies, and to detect some severe malformations. Thus, due to selective terminations, an underascertainment of NTDs (especially anencephaly) is obtained but there is no obvious reason why ultrasound examinations should be more prevalent among women who smoke than among women who do not smoke, and prenatal diagnosis is thus unlikely to have seriously confounded the results.
Several published studies have shown an association between NTD and early miscarriages (1, pp. 324-34) (miscarriages were not included in the present study). There is no unequivocal evidence that maternal smoking is associated with early miscarriages (43) , but a specific early loss of fetuses with NTD to smoking mothers, resulting in a spurious decreased NTD risk associated with maternal smoking, could not be ruled out. Another plausible explanation is noncausal: in the present study, it was shown that smoking habits during pregnancy is influenced by previous reproductive history. Most published studies (1, pp. 393-409), but not all (44, 45) , have found that mothers of infants with NTDs have greater than expected rates of stillbirths or spontaneous abortions in previous pregnancies. If true, then a possible explanation for the apparently "protective" effect of maternal smoking on the incidence of NTDs could thus be that mothers of infants with NTDs may have some fertility problems and in order to optimize their probability for successful pregnancy they are less likely to smoke during pregnancy than reference mothers. On the other hand, factors that argue against this non-causal hypothesis are the homogeneity over strata and the magnitude of the negative association between maternal smoking and NTDs.
Some investigators (46) (47) (48) have found increased levels of homocysteine in mothers who had given birth to infants with NTDs. Controversy exists whether this is true and, if true, whether the risk increase is due to an acquired (e.g., nutritional) or inherited derangement of folate or vitamin B12 metabolism. As evidence exists that smokers have increased levels of homocysteine (49), one would, under the theory of hyperhomocysteinemia as a risk factor for NTDs, have expected the opposite to the strong protective effect of maternal smoking found in the present study.
Neither of the two proposed explanations of the decreased NTD risk in infants to smoking mothers reflects a true protective effect of maternal smoking on the incidence of NTDs. If the decreased odds ratio is due to an excess of early losses among NTD-affected conceptuses to smoking mothers, it is even possible that maternal smoking confers an increased risk for NTDs, but because early losses were not included in the present study, these cases were never identified.
